Solid tumors contain subpopulations of hypoxic cells that are refractory to radiotherapy and some forms of chemotherapy (45) . While the mechanism of hypoxic cell radioresistance is well characterized, the underlying mechanisms contributing to hypoxia-mediated chemoresistance are poorly understood. Precedents exist for hypoxia being a strong physiological stimulus for genome instability, whereby cells acquire drug resistance (45) . In addition, there is direct evidence that hypoxia in tumors selects for cells with decreased potential for apoptosis through the loss of p53 or overexpression of Bcl-2 (15) . Cellular responses to hypoxia include processes leading to enhanced oxygen delivery, increased glucose transport, increased glycolytic metabolism, and a switch from oxidative phosphorylation to anaerobic glycolysis. These responses occur via changes in gene expression mediated by hypoxia-inducible factor 1 (HIF-1). HIF-1 is comprised of two subunits, HIF-1␣ and HIF-1␤, both of which are required for DNA binding and transactivation of target genes (49) . HIF-1 binds to specific sequences within target genes with the consensus 5Ј-RCGT G-3Ј regions, called hypoxia response elements (HREs) (38) , and targets include vascular endothelial growth factor, lactate dehydrogenase (LDH) A, phosphoglycerate kinase 1 (PGK-1), and carbonic anhydrase IX (CA-IX) (52, 56) .
A number of studies highlight a positive role for HIF-1 in tumorigenesis (16, 18, 19, 27, 33, 34, 42, 54) , and the influence of hypoxia and HIF-1 on the regulation of apoptosis as a component of tumor development has been considered (39) . However, there remains controversy regarding the potential of HIF-1 in altering apoptosis in the tumor microenvironment. Studies using tumors derived from HIF-1-deficient embryonic stem cells have yielded conflicting data (8, 33) . Whereas the slower growth of HIF-1␣-deficient embryonic stem cell tumors was attributable in part to an increased rate of apoptosis (33) , the opposite effect on hypoxia-induced apoptosis and tumor growth was observed in the same tumor type by Carmeliet and colleagues (8) . The fact that constitutive expression of HIF-1␣ rendered pancreatic cells resistant to hypoxia-induced apoptosis in vitro (2) is perhaps more consistent with HIF-1-mediated suppression of apoptotic signaling. In keeping with the findings of the majority of studies, there is also a growing body of evidence that HIF-1 is deregulated in many human tumors (5, 60, 61) , and the resulting constitutively high level of HIF-1 expression is associated with more aggressive tumors and treatment failure (4) . The Bcl-2 family of pro-and antiapoptotic proteins plays a central role in establishing the threshold for apoptosis (1) , and it is thought that there is a degree of redundancy within the family in this role. The relationship between the major Bcl-2 family proteins, HIF-1, and the chemosensitivity of tumors has not been assessed and is the subject of our investigation.
respectively, all supplemented with 10% fetal bovine serum and antibiotics (from GIBCO BRL). Peter Ratcliffe kindly provided CHO and HEPA-1 cell lines (Institute of Molecular Medicine, Oxford, United Kingdom). The HIF-1␤-deficient cell line (HEPA-1 c4) was derived from the murine hepatoma cell line Hepa1c1c7 (HEPA-1 wild type [wt] ) and lacks a HIF-1-mediated transcription response to hypoxia (27) . A mutant revertant cell line (Rc4) was used as a control. HEPA-1 cells were cultured in DMEM supplemented with 10% fetal calf serum and 2 mM glutamine. The HIF-1␣-deficient cell line, Ka13.5, was derived from a Chinese hamster ovary strain (C4.5) stably transfected with HRE-regulated surface marker expression constructs following drug-induced mutagenesis, as previously described (55) . The C15 cell line is a pooled population of CHO HIF-1 wt cells that have been through the same mutagenic procedure used to generate the Ka13.5 clone from the parental C4.5 strain. This cell line has been shown in vivo to behave in the same way as the wt cells (54) . V79 Chinese hamster lung fibroblasts were cultured in DMEM exactly as described previously by Smith and colleagues (40) . HCT116 Bax null cells were a kind gift from Bert Vogelstein (Johns Hopkins, Baltimore, Md.) and were cultured as previously described (59) . The SV40-transformed wt and Bid knockout (KO) mouse embryonic fibroblasts (MEFs) were a kind gift from Stanley Korsmeyer (Harvard Medical School, Boston, Mass.) and were cultured as previously described (47) . All cells were routinely cultured at 37°C in 95% air-5% CO 2 .
Oxygen deprivation. Cells were maintained under anoxic (Ͻ0.1% O 2 ) conditions at 37°C within an anaerobic chamber (Bactron 2; Sheldon Scientific) or under hypoxic (1 to 2% O 2 ) conditions at 37°C within a modular incubator chamber filled with 5% CO 2 and 1 to 2% O 2 balanced with N 2 (phiTEC).
Measurement of cell death. Cell death was assessed by trypan blue uptake. Apoptosis was detected by staining cells with Hoechst 33342 (0.1 mg/ml; Molecular Probes) and identifying those cells with condensed and fragmented nuclei.
Flow cytometry. Cell cycle analysis was performed by using flow cytometry and propidium iodide as previously described (3) . Cells expressing green fluorescent protein (GFP) were isolated with a fluorescence-activated cell sorter (FACS) Vantage flow cytometer set to excite at 488 nm, and cells exhibiting fluorescence at 520 Ϯ 30 nm were gated for sorting.
Immunoblotting. Immunoblotting was performed as previously described (10) . Immunoreactive bands were developed with an enhanced chemiluminescence kit (Amersham) and analyzed on a Fuji LAS-1000plus imaging system using AIDA software. The primary antibodies used were Bcl-2 (Dako), Bcl-x L , human HIF-1␣ (Transduction Labs), murine and human HIF-1␣ (Novus Biologicals), Bax (N20; Santa Cruz), Bcl-w (Calbiochem), Bad and Bid (C20; Santa Cruz or R&D), actin (Act40; Sigma), and porin (Santa Cruz). Antibodies to Nip3 and CA-IX were kindly provided by Adrian Harris (Institute of Molecular Medicine).
Growth and analysis of HCT116 cells as xenograft tumors in nude mice. HCT116 cells were grown as subcutaneous xenografts in 8-week-old female CD-1 nude mice following intradermal injection of 5 ϫ 10 6 cells in 0.1 ml of media 1 cm from the tail base on the midline. Mice were housed in an individually ventilated caging system on a 12-h light-12-h dark environment maintained at constant temperature and humidity. The mice were fed a standard irradiated diet and allowed water ad libitum. The hypoxic marker pimonidazole (Hypoxyprobe-1; Chemicon International Inc.) was administered at 100 mg per kg of body weight in phosphate-buffered saline (PBS) to mice bearing tumors of 600 to 800 mm 3 2 h before sacrifice. All procedures were carried out in accordance with the Scientific Procedures Act of 1986 and in line with the UKCCCR guidelines of 1999 and by approved protocols (Home Office Project License number .
Immunohistochemistry. The protocol of Wykoff and colleagues (56) was used to assess the levels of Bid, Bax, and CA-IX in HT29 and SW480 cell pellets. Xenograft tumors were formalin fixed and paraffin embedded and 5 M sections cut onto 3-aminopropyltriethoxysilane-coated slides (Maldini Diagnostics). Slides were dewaxed in xylene, washed in 96% vol/vol ethanol, and incubated for 30 min in 0.3% hydrogen peroxide solution before being washed in PBS. Slides were then placed in citrate buffer and microwaved at 900 W for 20 min. Slides were washed, dried, and blocked for 1 h with the appropriate serum (Vector Laboratories, Peterborough, United Kingdom) in a humidified chamber. Primary antibody was added overnight at 4°C. Hypoxic tumor cells were identified by using anti-pimonidazole antibody as previously described (31) . Bax was analyzed by using a rabbit polyclonal antibody raised against a synthetic peptide corresponding to amino acids 43 to 61 of human Bax (Pharmingen) diluted 1 in 4,000. Bid was analyzed by using a 1 in 2,000 dilution of a polyclonal goat antibody that was a gift from X. Wang (University of Texas). The sections were incubated with secondary antibodies for 30 min and then processed by using the Vectastain Elite ABC kit per the manufacturer's instructions (Vector Laboratories) prior to digital photography on a Nikon Eclipse E600 microscope with a Spot RT slider camera and imaging software (supplied by Imsol Imaging Solutions).
RNA isolation and quantitative reverse transcriptase (RT)-PCR analysis.
Cells were harvested following incubation under normoxic or anoxic conditions. RNA was extracted by using RNAzol (Biogenesis) according to the manufacturer's instructions. To remove traces of genomic DNA, the RNA was digested with an RQ1 RNase-free DNase kit (Promega) per the manufacturer's instructions. cDNA strand synthesis was performed by using a Moloney murine leukemia virus cDNA synthesis kit (GIBCO BRL). cDNA samples were diluted 1:20, and 10 l was used as a template for the Taqman real-time PCR technique to quantify mRNA expression (11) by using a qPCR core kit (Eurogentec) and an ABI Prism 7700 sequence detection system (PE Applied Biosystems). Taqman PCR primers were designed for each gene based on the mRNA sequence by using Primer Express software (Perkin-Elmer) supplied by Sigma Genosys. Their sequences were as follows: for actin, ACCATGGATGATGATATCGCC and GCCTTGC ACATGCCGG; for Bid, GCTGTATAGCTGCTTCCAGTGTA and GCTATC TTCCAGCCTGTCTTCTC; for Bad, GCACAGCAACGCAGATGC and AAG TTCCGATCCCACCAGG; for Bax, CTGCAGAGGATGATTGCCG and TG CCACTCGGAAAAAGACCT; and for GAPDH (glyceraldehyde-3-phosphate dehydrogenase), ACACTCAGACCCCCACCACA and CATAGGCCCCTCCC CTCTT.
Assessment of HIF-1 proficiency. Cells were transiently transfected with firefly luciferase reporter constructs containing either no HRE sequences (pGL3-Con; Promega) or HRE sequences from either PGK or LDH (pGL3-Prom; Promega). The assay was performed by using a dual luciferase reporter assay system (Promega) according to the manufacturer's instructions and a dual injector MicroLumat LB 96 luminometer (EG & G Berthold).
Transient transfection of cells. All cells were transfected by using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. In some of the studies described below, high concentrations of etoposide were necessary in order to achieve appropriate levels of apoptosis in a short time frame. HT29 cells were transfected with pSilencer1 vector (Ambion) (43), containing a HIF-1␣-specific targeting sequence (5Ј-GTCTCGAGATGCAGCCAG A-3Ј). This sequence was checked against the database to confirm specificity. As a negative control, a scrambled sequence was used (5Ј-TCAGCACGGTGACT GAGAC-3Ј). The cells harvested 48 h after transfection had experienced oxygen deprivation in the last 16 h. The same RNA interference (RNAi) sequences were successfully used to transfect transformed MEFs; this sequence exhibits a 2-bp difference with respect to the analogous human sequence but does not interfere with the expression of other mouse genes.
HCT116 Bax null cells were transfected with RNAi specifically targeted to Bid (a kind gift from Olivier Geneste, Institute Servier, Paris, France). Cells were treated with 1 mM etoposide 32 h posttransfection. The drug was then removed and cells counted 2 days later when Bid levels were still reduced (determined by Western blotting) (see Fig. 8B ).
SW480 cells were transfected with pdEGFP-Bid (BD Biosciences). Cells were immediately subjected to oxygen deprivation and drug treatment posttransfection. Cells were then sorted by FACS analysis and replated at 2 ϫ 10 5 cells per well on a 24-well plate, and apoptosis was assessed 2 days later. As a control, SW480 cells were transfected with a cytomegalovirus-driven GFP empty vector control that was a kind gift from Simon Scott (Karmanos Cancer Institute, Detroit, Mich.).
Demonstration of HIF-1␣ binding to an HRE on the bid promoter by using the EMSA. The double-stranded DNA probes used in the electrophoresis mobility shift assay (EMSA) experiments contained the following sequences: 5Ј-ATCTG TGTTGTAGCGTGTGTCAATTGTATG-3Ј for the wt HIF-1␣ binding site and 5Ј-ATCTGTGTTGTAGCACGTGTCAATTGTATG-3Ј for the mutant HIF-1␣ binding site. An unrelated double-stranded oligonucleotide was used (ISRE [insulin receptor responsive element]) as a nonspecific competitor. The oligonucleotides were end-labeled with T4 polynucleotide kinase. SW480 cells incubated under anoxic or normoxic conditions were harvested and lysed in extraction buffer (20 mM HEPES [pH 7.9], 1 mM EDTA, 400 mM NaCl [25%], 0.1% NP-40, 1ϫ protease inhibitors cocktail, 0.5 mM phenylmethylsulfonyl fluoride, 2.5 mM dithiothreitol). An equal amount of protein (1 g) from the nuclear extract was used for binding reactions with the radiolabeled wt or mutant bid probe for 20 min at room temperature in binding buffer (8 mM HEPES [pH 7.4], 80 mM KCl, 0.8 mM EDTA, 1 mM dithiothreitol) at a 20-l final volume. Immediately after, binding reaction samples were loaded on a 4% EMSA gel under nondenaturing conditions. For supershift experiments, 1 g of monoclonal antibody against HIF-1 (NB 100-105K3; Novus Biologicals) was added to the reaction mixture before the addition of labeled oligonucleotides. Equivalent amounts of radiolabeled probe were used for all samples. For the binding competition experiment, unlabeled oligonucleotides were added into the reaction mixture in a 50-fold excess. DNA-protein complexes were analyzed in a 4% polyacrylamide gel with 0.5ϫ Tris-borate-EDTA at 200 V. The gel was vacuum dried and exposed for autoradiography.
Effect of proteosome inhibitors on anoxia-mediated down-regulation of Bax and Bad. Cells were incubated under normoxic or anoxic conditions with 10 M Z-Leu-Leu-Norvalinal (MG115; Sigma) or Z-Leu-Leu-Leu-Al (MG132; Sigma) or with 0.001% dimethyl sulfoxide (as a control) for 16 h.
Measurement of translation efficiency by polysome fractionation and analysis. Following exposure to hypoxia or normoxia conditions, cells were incubated for 5 min with 0.1 mg of cycloheximide (CHX) per ml at 37°C and then placed on ice. Cells were rinsed twice with PBS containing 0.1 mg of CHX/ml and scraped in lysis buffer (1% Triton X-100, 300 mM NaCl, 15 mM MgCl 2 , 15 mM Tris-HCl [pH 7.4], 0.1 mg of CHX/ml, 0.33 U of Superase-In [Ambion]/l). Nuclei were pelleted at 2,000 ϫ g and 200 g of heparin/ml was added to the supernatant. Debris was pelleted at 10,000 ϫ g, and the lysates were loaded on 20 to 50% sucrose gradients and centrifuged at 39,000 rpm for 90 min in a Beckman SW41Ti rotor. The absorbance at 254 nm as a function of depth in the gradient was subsequently measured by using a Bio-Rad UV monitor with a flowthrough cuvette. Simultaneously, 0.5-ml fractions were collected in TRI reagent (Sigma). The area under the curve in the polysomal and nonpolysomal fractions was approximated by using an in-house written algorithm. The background signal was subtracted and the area under the curve normalized to 1. The fraction of rRNA in polysomes was calculated as the area under the curve representing two or more ribosomes divided by the total area under the curve. Polysome fractions were spiked with an in vitro transcribed bacterial mRNA (pGIBS-TRP, ATCC 87485) for normalization purposes. RNA was isolated from the fractions according to the manufacturer's protocol and subjected to a Moloney murine leukemia virus (Sigma) reverse transcriptase reaction. Eurogentec's qPCRMastermix for Sybr Green I was used for real-time PCR amplification in a Taqman (ABI 7000; Applied Biosystems) machine. The primers for bid, bad, bax, and actin were the same as described above. Primers for CA-IX were CATCCTAGCCCTGGTTT TTGG and GCTCACACCCCCTTTGGTT; primers for the bacterial mRNA were ATATTGCGGCATACGGTCACT and CGGAGATACTTTTCGGTAG CTTTC.
Drug treatment under normoxic or anoxic conditions. HCT116, HT29, SW480, and MEF cells were incubated for 8 h under normoxic or anoxic conditions and then treated with increasing concentrations of etoposide (Sigma) or oxaliplatin (Alexis Biochemicals) for 8 h with continuous normoxic or anoxic incubation. Cells were reseeded at a subconfluent density for short-term viability assays or into 6-well plates for clonogenic assays as previously described (54) . Cells were left for 3 days for the short-term assay and counted and reseeded at a subconfluent density, and viable cell numbers were counted 4 days later. V79 cells were oxygen deprived for 16 h and then incubated with 5-FU for a further 4 h under anoxic conditions.
RESULTS

Effects of oxygen deprivation on colon cancer cell survival.
The effects of oxygen deprivation (Ͻ0.1% O 2 [anoxia] and/or 1 to 2% O 2 [hypoxia]) for 16 h on the viability of three human colon carcinoma cell lines, HCT116, HT29, and SW480, were examined. Anoxia did not promote apoptosis above basal levels (Ͻ4%) in any of the cell lines. There was no difference in the S phase traverse of cells cultured for 16 h in normoxia compared to those in anoxia or in the total cell number at 16 h. Additionally, there was no impact of oxygen deprivation on the subsequent clonogenicity of any of the three cell lines.
Effects of oxygen deprivation on the levels of Bcl-2 family proteins. When the human colon carcinoma cells were cultured for up to 24 h under anoxia (or hypoxia), there were no major changes in the levels of the antiapoptotic proteins Bcl-2, Bcl-x L , and Bcl-w. There was, however, a slight but reproducible increase in Bcl-2 in HCT116 cells, confirming a previous report (Fig. 1A) (22) . Bax and Bak were assessed. Studies of Bax Ϫ/Ϫ /Bak Ϫ/Ϫ double-KO MEFs have demonstrated that one or the other of these proapoptotic proteins is required for hypoxia-induced apoptosis (28) . Bak levels were not downregulated under anoxic conditions (Fig. 1A) . In contrast, Bax levels were decreased in all cell lines, an effect that was first observed at 8 h (data not shown) and maintained at 16 h (Fig.  1A) . The anoxia-mediated decrease in Bax was confirmed in SW480 cells by using immunohistochemistry (Fig. 1B) .
BH-3-only proapoptotic proteins of the Bcl-2 family, Bid and Bad, were also decreased by oxygen deprivation. The function of Bax as a proapoptotic protein is regulated directly or indirectly by BH-3-only Bcl-2 family members (1, 9). For example, Bax can be activated via the binding of truncated Bid (50) , and protection against Bax-mediated apoptosis is countered by the binding of Bid or Bad to Bcl-2 or Bcl-x L (9, 58) . Figure 2A shows that in all three colon carcinoma cell lines, Bid and Bad protein levels were decreased after 16 h of oxygen deprivation. This effect was first observed at 8 h for Bid and Bad (data not shown). The down-regulation of Bid was confirmed in SW480 cells by using immunohistochemistry (Fig.  2B) .
Oxygen deprivation-mediated reductions in Bid, Bad, and Bax were also observed in V79 Chinese hamster lung fibroblasts (Fig. 2C ), in HEPA-1 murine hepatoma cells (see Fig.  5C ), and in SV40-transformed MEFs (see Fig. 8A , inset), confirming that this effect is not restricted to the colon cancer cells.
Effects of oxygen concentration on proapoptotic Bcl-2 family proteins. In vivo tumor cells experience a range of oxygen concentrations, thus, in order to assess the dose responses of proapoptotic Bcl-2 family proteins to oxygen, cells were also incubated for 16 h under hypoxic conditions (1 to 2% O 2 ). Figure 2D shows that in SW480 cells, Bax, Bad, and Bid are all decreased under hypoxic conditions. For Bax and Bad, the magnitude of the decrease was positively correlated with the degree of oxygen deprivation. In contrast, for Bid, the decrease in the protein level observed for hypoxia was larger than that for anoxia (Fig. 2D) .
Proapoptotic Bcl-2 family proteins were also down-regulated by oxygen deprivation in vivo. In order to assess the physiological relevance of our observations, HCT116 cells were grown as tumor xenografts in nude mice. Prior to sacrifice and excision of tumors, the mice were administered pimonidazole, a compound that binds irreversibly to hypoxic cells (31) . Serial sections of the tumors were subsequently stained for pimonidazole and for Bid or Bax. An inverse correlation between the hypoxic cell marker and Bid or Bax was observed at the hypoxic rim around necrotic regions of the tumor, a location typically associated with chronic hypoxia (Fig. 3) . These data have important ramifications when considering therapeutic strategies to induce apoptosis in tumors in vivo.
Down-regulation of Bid and Bad mRNA by oxygen deprivation. Quantitative real-time RT-PCR (Taqman) was used to investigate the mechanism by which the proapoptotic proteins of the Bcl-2 family were down-regulated by oxygen deprivation. Figure 4A shows that in SW480 cells that had been incubated under anoxic conditions for 16 h, the mRNA levels were decreased for Bid (38-fold Ϯ 9-fold, mean Ϯ standard error [SE] , n ϭ 3) and for Bad (18-fold Ϯ 2-fold, mean Ϯ SE, n ϭ 3) compared to those for control cells incubated under normoxia. The severalfold difference between Bax mRNA in normoxia and anoxia SW480 cells was not significantly different than those observed for actin.
GAPDH was analyzed as a positive control for the experiment, as it is known to increase under hypoxic conditions (62) . In SW480 cells, GAPDH showed a 4-fold Ϯ 1-fold increase VOL. 24, 2004 HYPOXIA-MEDIATED DOWN-REGULATION OF Bid AND Bax 2877
under anoxia compared to that for normoxia (mean Ϯ SE, n ϭ 3), consistent with its role in the glycolytic pathway that is stimulated by oxygen deprivation. Bid mRNA levels were also decreased in HCT116 and HT29 cells incubated under anoxia by 9-fold Ϯ 1-fold (for both, mean Ϯ SE, n ϭ 3) (Fig. 4B ) compared to those for normoxia; there was no significant change in the mRNA levels of actin that was included as a housekeeping gene control. These data provoked an investigation into the possibility of oxygen deprivation-mediated transcriptional repression of proapoptotic members of the Bcl-2 family and the role of the HIF-1 transcription factor in their down-regulation. All three colon carcinoma cell lines express a functional HIF-1 pathway. The function of the HIF-1 pathway was investigated in all three colon carcinoma cells by using a transient reporter assay in which endogenous HIF-1 binds HREs cloned upstream of a luciferase transcriptional reporter. Figure 4C shows that endogenous HIF-1 in anoxic HCT116, HT29, and SW480 cells can bind to exogenous HREs of PGK and LDH. Consistent with our findings for a range of tumor cell types, the amplitude of response driven by the LDH HRE exceeds that of the PGK HRE (S. Robinson, K. J. Williams, and I. J. Stratford, personal communication). Oxygen deprivation resulted in increased levels of HIF-1␣ in all three colon cell lines (Fig. 4D) . Additionally, the protein levels of CA-IX (another transcriptional target of HIF-1) were increased in each cell line in response to anoxia, as measured by Western blotting (Fig. 4E) and by immunohistochemistry for SW480 cells (Fig. 4F) . Lastly, each cell line synthesized and secreted vascular endothelial growth factor, another HIF-1 transcriptional target in response to anoxia (data not shown). Of the three cell lines, SW480 cells displayed the most robust HIF-1-mediated responses (Fig. 4C) , consistent with the magnitude of the decrease in Bid mRNA (see Fig. 4A ).
Oxygen deprivation-mediated down-regulation of Bid occurs via a HIF-1-dependent pathway, whereas Bax and Bad down-regulation occurs independently of HIF-1. In order to explore the relationship between HIF-1 function and the hypoxia-mediated down-regulation of Bcl-2 proapoptotic pro- (55) were compared to CHO cells with wt HIF-1 function for their response to anoxia with respect to proapoptotic Bcl-2 family protein levels (Fig. 5B) . Secondly, we examined the effects of anoxia on a panel of murine hepatoma cell lines, including a subline with HIF-1␤ deficiency (27) (Fig. 5B) . In both cell types, the loss of HIF-1 function prevented the anoxia-mediated down-regulation of Bid but had no effect on the downregulation of Bax or Bad (e.g., Fig. 5C , HEPA-1 cells). These differences between HIF-1␣-and HIF-1␤-deficient cells and their wt counterparts are unlikely to be selection artifacts, since anoxia-induced down-regulation of Bid was also observed in CHO C15 control cells and in the mutant revertant HEPA-1 clone Rc4 (Fig. 5C ). Taken together, the data demonstrate that the down-regulation of Bid is a HIF-1-dependent event in several cell types. In contrast, the down-regulation of Bax and Bad occurred via a HIF-1-independent mechanism(s). HIF-1␣ binding sites in bid. The selection and design of an oligonucleotide corresponding to a HIF-1␣ binding site on the promoter region of the human bid gene was carried out by identifying the human genomic sequence in the NCBI database and analyzing the upstream region. The regulatory sequence analysis tools found at http://rsat.ulb.ac.be/rsat/ were used to identify 10,000-bp regions upstream from the translation start site of the bid gene in the human genome. In order to identify the most likely HIF-1␣ binding site in the upstream region of the human bid gene, the following information was considered: (i) the formation of a heterodimeric complex of HIF-1␣ with arlhydrocarbon receptor nuclear translocator (ARNT; HIF-1␤) is required for efficient DNA binding where the minimal motif is [A or G]CGTG, (ii) ARNT heterodimers bind two half-sites of a motif CANNTG, (iii) one part of the dimer binds CAN, the other binds NTG, (iv) the third nucleotide downstream of the minimal GCGTG motif can affect binding of ARNT heterodimers to DNA and if an A or a T is present, binding is enhanced, whereas C has never been observed Confirmation of HIF-1␣ binding to the bid promoter. The EMSA, incorporating an oligonucleotide that contained the putative HRE consensus in the bid promoter identified by bioinformatics (positions Ϫ8484 to Ϫ8475), was employed to investigate whether HIF-1␣ binds to the bid promoter. Figure  5D shows that the putative HRE is active, binding specifically to HIF-1␣ in cellular extract prepared from oxygen-deprived 
HIF-1-independent down-regulation of Bax and Bad.
To examine whether the decreased levels of Bad and Bax protein expression under anoxia was due to increased proteasomemediated degradation, SW480 cells treated with the proteasome inhibitor MG115 (10 M) were incubated under anoxic conditions (Fig. 6A) . The efficacy of MG115 treatment was demonstrated by the increased HIF-1␣ expression in normoxia (as expected of a protein known to be degraded by the proteosome [39] ). However, MG115 did not prevent the reduction of Bad and Bax expression mediated by oxygen deprivation. Similar data were obtained with the proteosome inhibitor MG132. These data suggest that the decrease in Bax and Bad protein levels in anoxic colon cancer cells is not a function of enhanced proteosome-mediated protein degradation.
To determine whether oxygen deprivation altered translational efficiency, the fractional amount of rRNA actively involved in translation (associated with polysomes) was measured. Figure 6B shows an example of the polysome profile from normoxic and anoxic SW480 cells and indicates a strong, oxygen deprivation-mediated inhibition of translational efficiency. In normoxic samples, 75% of RNA was in polysomes, and this dropped to 30% under anoxic conditions. This reduction in global translation by analysis of polysomes was confirmed for bax and bad individual mRNAs by measuring their levels in polysomal fractions (data not shown). We are currently investigating the relative magnitude and importance of translational control of proapoptotic Bcl-2 family members in drug resistance in tumor cells deprived of oxygen.
Oxygen deprivation results in drug resistance in vitro. The down-regulation of Bax, Bid, and Bad in the absence of upregulation of antiapoptotic proteins Bcl-2, Bcl-w, and Bcl-x L may be predicted to raise the threshold for drug-induced apoptosis. To investigate this possibility, HCT116, HT29, and SW480 cells were subjected to a standard clonogenic assay and to viability assay over days 3 to 7 following treatment with etoposide under normoxic and anoxic conditions. The clonogenic survival data show significant resistance to etoposide in all three cell lines (Fig. 7A) . Anoxic exposure resulted in a twofold or greater resistance to etoposide; for example, under anoxic conditions, 2 logs of cell kill required 2.7-, 2.6-, and 2.3-fold higher concentrations of etoposide for the SW480, HCT116, and HT29 cells, respectively, compared to that required under normoxic conditions. Anoxic SW480 cells were also 2.7-fold more resistant to oxaliplatin (which is undergoing clinical trial for the treatment of colon cancer) in three repeat clonogenic assays (data not shown). Given the ongoing debate about the advantages and limitations of clonogenic assays for studies of drug-induced apoptosis (6, 37) , the suppression of etoposide-induced cell death by oxygen deprivation was also assessed and demonstrated in a short-term viability assay. Although the kinetics of cell death were different for each cell line, the percentage of apoptotic cells that had been oxygen deprived prior to and after etoposide addition was consistently lower; for example, in three repeat experiments, on days 3 and 11 there was 10 to 19% less apoptosis and on day 7 there was 24% less apoptosis in cultures that had been oxygen deprived prior to drug treatment than in those maintained under normoxic conditions by using a drug concentration corresponding to a 2-log kill in the clonogenic assays. This difference could not be attributed to the altered kinetics of S phase traverse in anoxic versus normoxic SW480 cells as assessed by using the bromodeoxyuridine labeling index; 33% Ϯ 2% and 30% Ϯ 2% of cells moved through S phase within a 2-h period for anoxic and normoxic cells, respectively (mean Ϯ SE, n ϭ 3). Moreover, there was no difference in the kinetics of G 2 /M arrest after drug treatment (Table 1) . Similar results were obtained with HCT116 cells (data not shown). Furthermore, oxygen deprivation did not alter the levels of the drug target topoisomerase II or of the multidrug resistance efflux pump P-gp (data not shown). Anoxic SW480 cells treated with a concentration of oxaliplatin corresponding to a 3-log kill in clonogenic assays showed 18 and 36% less apoptosis at 3 and 7 days after drug treatment, respectively (mean, n ϭ 3).
In the above experiments, cells were oxygen deprived for 8 h prior to drug addition and for 8 h after drug addition, i.e., changes in gene expression due to oxygen deprivation, including the down-regulation of proapoptotic Bcl-2 family proteins, will have occurred before drug-target interactions. The 8-h preexposure to conditions of low oxygen was required for drug resistance, as normoxic cells that were oxygen deprived simultaneously with etoposide or oxaliplatin addition showed a loss of viability similar to those cells that never experienced low oxygen in both short-term and long-term (clonogenic) cell viability assays (data not shown).
Bid, Bax, and Bad were also down-regulated in anoxic V79 fibroblasts (Fig. 2C) . Oxygen deprivation-mediated resistance to adriamycin in these V79 cells could not be explained by differences in drug uptake and efflux (40) . Moreover, oxygen deprivation also rendered these cells resistant to 5-FU (Fig.  7B) , to etoposide (21) , and to amsacrine (53) . Taken together, the data suggest that the down-regulation of proapoptotic proteins of the Bcl-2 family by oxygen deprivation is not specific to a single cell type and that it is correlated with resistance to a wide range of anticancer drugs with different mechanisms of action.
Down-regulation of Bid and/or Bax contributes to resistance to etoposide. We took several approaches to assess the functional relevance of the hypoxia-mediated down-regulation of Bcl-2 proapoptotic proteins Bax and Bid in drug responsiveness. Firstly, we assessed the response to etoposide of normoxic cells in which either Bid or Bax was not expressed or in which we had down-regulated Bid in a Bax null background in order to mimic the scenario observed in hypoxic cells. To more robustly test the role in drug resistance of Bid down-regulation in hypoxic cells, we expressed an exogenous Bid that could not be down-regulated by HIF-1 and assessed the response to etoposide in hypoxic cells.
Sixteen hours of oxygen deprivation resulted in the downregulation of Bid, Bax, and Bad in wt MEFs and of Bax and Bad in Bid KO MEFs but did not affect cell viability in either case (Fig. 8A, inset) . While Bid KO MEFs exhibited a decreased apoptotic response in normoxia to 8 h of exposure to etoposide compared to that of their wt counterparts, this differential response was lost when MEFs experienced oxygen deprivation, suggesting that the loss of Bid contributes to etoposide resistance in anoxia (Fig. 8A) .
Similarly, normoxic Bax null HCT116 cells were more resistant to etoposide than were wt HCT116 cells (Fig. 8B) , consistent with previous observations of decreased drug responsiveness in these cells (46, 59) . Etoposide resistance was further increased in the Bax null HCT116 cells by the downregulation of Bid with RNAi ( Fig. 8B and inset) . The etoposide response in these cells was not significantly different than that observed in anoxic wt HCT116 cells in which Bid and Bax were down-regulated by the oxygen deprivation. These data suggest that Bid and Bax act together to suppress etoposide-induced apoptosis and predict that their down-regulation in hypoxic subpopulations of cells in solid tumors may have a negative impact on drug response. Finally, when the expression of GFP Bid was maintained in anoxic SW480 cells (Fig. 8C) , the percentage of apoptosis was significantly increased compared to that seen in nonexpressing GFP Bid transfected anoxic cells or compared to vector GFP transfected cells. However, when Bid expression was maintained under anoxia, it did not fully restore the apoptotic response to etoposide observed in vector GFP control normoxic cells (Fig. 8C ). These data demonstrate that Bid plays a role in etoposide-induced apoptosis in SW480 cells and that its down-regulation by oxygen deprivation is an important contributor to the observed drug resistance.
DISCUSSION
In solid tumors, a hostile cellular microenvironment due to the limited delivery of oxygen and nutrients drives selection for those tumor cells that can adapt to survive these insults. Pertinent to our study, hypoxia selects for cells with increased capacities to survive (15, 39) , and this increased survival potential not only facilitates tumor development but may also be expected to result in resistance to drug-induced apoptosis (12, 20) , a prediction borne out in solid tumors in vivo (45) .
The Bcl-2 family members are considered to be integrators of both survival and damage signals and play a critical role in setting the threshold at which a cell in a specific context will commit to apoptosis (26) . We therefore conducted a survey to assess the impact of oxygen deprivation on multiple key proand antiapoptotic proteins of the Bcl-2 family in a range of cell types.
There have been sporadic reports that hypoxia can provoke changes in Bcl-2 family proteins in cancer cell types. Oxygen and serum deprivation of HepG2 hepatoma cells that also express wt p53 resulted in Bax down-regulation (3). Hypoxia provoked an increase in Bcl-2 and Bcl-x L levels in human lung carcinoma cells (30) and an increase in Bcl-2 levels in HCT116 cells (22) . The results presented here show that Bax, Bid, and Bad are down-regulated in colon cancer cells, hepatomas, ovarian epithelial cells, and both lung and embryonic fibroblasts subjected to periods of oxygen deprivation that have no detrimental effect on cell growth. This occurred without a compensatory rise in antiapoptotic family members and in both p53 wt (HCT116) and p53 mutant-containing cells (SW480 and HT29) (48) .
The BH-3-only proapoptotic proteins are considered to be sentinelsofdamagesignalsandfunctiontoinactivatetheantiapoptotic proteins of the family (9) . Bid and Bad may also bind to and activate Bax and Bak (14, 25, 50) . Studies of Bax/Bak double-KO fibroblasts demonstrate the requirement of either Bak or Bax to mount an apoptotic response to damage signals (51) . Bax expression is lost in a proportion of human colon cancers with defective mismatch repair (32) . Of the proapoptotic Bcl-2 family proteins studied here, Bak was the least responsive to oxygen deprivation, suggesting that many human colon cancer cells may rely heavily on Bak to affect druginduced apoptosis.
In regard to cellular survival, the down-regulation of Bid under anoxic and hypoxic conditions is important for several reasons. Firstly, this member of the family serves to link the mitochondrial and death receptor pathways for apoptosis. This is particularly relevant in so-called type II cells (the vast majority) that require Bid function for death receptor-mediated apoptosis (36) . In this pathway, Bid is cleaved by caspase 8 and translocates to the mitochondrial surface to activate Bax and/ or Bak. Hence, the down-regulation of Bid in hypoxic type II tumor cells may protect against a range of apoptotic stimuli. Secondly, further interplay has been reported between the pathways that lead to death receptor-and drug-induced apoptosis in which Bax and Bid are key components (24) . Thirdly, we recently demonstrated that Bid normally functions as a lipid transfer protein that shuttles lipid between the endoplasmic reticulum and mitochondria. We suggested that upon receipt of apoptotic stimuli, Bid-mediated lipid transport processes are deregulated and serve to destabilize mitochondrial membranes (10) . The down-regulation of Bad by oxygen deprivation in addition to its dephosphorylation due to HIF-1-mediated amplification of PI-3K signaling (39) may make for a robust negation of its proapoptotic function.
Bad and Bid were down-regulated at the mRNA level in colon cancer cell lines, and we discovered that the bid promoter contained putative HRE sequences. It was therefore interesting that in contrast to Bad, Bid protein was downregulated to a greater extent under hypoxic conditions than it was under anoxic conditions, and it is the oxygen concentration of 1 to 2% (that we term hypoxia) at which HIF-1 is most active (13) . Consistent with this observation, we showed that the prominent down-regulation of Bid mRNA was dependent on HIF-1 transcriptional activity in four different cell types and that HIF-1␣ binds specifically to an HRE in the bid promoter. In addition to this discovery that HIF-1 causes the transcriptional repression of bid, at least one precedent exists for HIF-1-mediated transcriptional repression. The peroxisome proliferator-activated receptor alpha is negatively regulated by HIF-1 (29) , and emerging DNA microarray data show the down-regulation of several genes by HIF-1 (57) .
The murine promoter of the proapoptotic BH-3-only homolog Nip3 contains an HRE (7), and Nip3 mRNA and protein have been shown to be up-regulated by oxygen deprivation in several cell types, including LS174T human colon cancer cells (17, 41) . However, we found this response of Nip3 to decreased oxygen to be cell type specific, occurring in an HIF-1-dependent fashion in both HEPA-1 and CHO cells but not in HCT116, HT29, or SW480 colon cancer cells where, paradoxically, the protein level of Nip3 was decreased (data not shown). Further studies are required to identify the cell-typespecific determinants of the Nip3 response to hypoxia and their impact on cell fate.
The down-regulation of Bax under conditions of oxygen deprivation was not associated with decreased levels of Bax mRNA, and the observed reduction in Bax protein did not reflect increased proteosomal degradation. However, we observed a global decrease in translation efficiency that would be expected to contribute to the reduced expression of many proteins, including Bax and Bad. Ongoing studies show the decrease in translation of Bax and Bad to be greater than that for actin, and further studies are now required to validate and expand this analysis. It has recently been shown that hypoxia results in the repression of protein synthesis via phosphorylation of the translational initiation factor eIF2␣ (23) . Studies to investigate the relevance of this mechanism to the observed HIF-1-independent, hypoxia-mediated down-regulation of Bax and Bad are also under way.
Given the mechanistic data regarding how these proapoptotic proteins function (1), we considered that the down-regulation of Bax, Bid, and Bad by oxygen deprivation would render cells resistant to a variety of apoptotic stimuli. Bax and Bid participate in oxygen deprivation-induced cell death (28), implying that their role in this pathway must be abolished in cells that adapt to survive hypoxia in solid tumors. Drug resistance of human solid tumors is a major obstacle for successful treatment. Our data now show that significant resistance to etoposide and oxaliplatin is engendered when colon cancer cells are subjected to a period of oxygen deprivation before and during drug treatment. We show that this drug resistance is most unlikely to be mediated solely by upstream determinants, i.e., those that modulate drug-target interaction. Oxygen deprivation of V79 fibroblasts resulted in resistance to a range of anticancer drugs with differing mechanisms of action, again arguing that the modulation of events downstream of drugtarget interactions are the most likely causes for the reduced response.
Several approaches were undertaken to test the importance of Bid and Bax down-regulation in the response of oxygendeprived cells to etoposide, bearing in mind that lack of oxygen drives a multitude of adaptive cellular response. Lack of Bid expression in anoxic cells resulted in the loss in the differential in drug response seen in normoxic cells. RNAi-mediated Bid down-regulation in normoxic Bax null cells produced the equivalent pronounced resistance to etoposide seen in anoxic Bax null cells, and the maintained expression of Bid in anoxic cells significantly increased their drug sensitivity. Taken together, the data demonstrate that the down-regulation of Bid and Bax by oxygen deprivation contributes to the drug resistance of anoxic cells.
Critically, the down-regulation of Bax and Bid in human colon cancer xenograft tumors demonstrates the physiological relevance of our observations in vitro. The area of tumor in which reciprocity of hypoxic markers and Bid or Bax was seen, i.e., the penumbra around necrotic zones, is suggestive of the fact that the effect is associated with chronic hypoxia. It is open to question whether acutely hypoxic cells would rapidly restore their proapoptotic protein complement and whether reoxygenation could promote apoptosis.
Considering that the Bcl-2 family of proteins work together to determine the threshold for drug-induced apoptosis, our data predict that novel therapeutic strategies to combat solid tumors must take into account a hypoxia-mediated, increased threshold for apoptosis that is Bcl-2 family controlled. New anticancer drugs targeted to survival signaling pathway components may not be entirely effective if the proapoptotic proteins of the Bcl-2 family acting downstream are down-regulated to an extent that they cannot couple the apoptotic stimuli to the release of mitochondrial factors that activate the caspase cascade. We suggest that in chronically hypoxic cells, the downregulation of Bax simultaneously with that of Bid and of Bad will provide a significant survival advantage, as Bid activates Bak and Bax, and Bad is an inactivator of Bcl-2 and Bcl-x L (25) .
In summary, the data presented here provide a mechanistic explanation for the enhanced survival of hypoxic tumor cells via oxygen deprivation-mediated, coordinated down-regulation of three proapoptotic proteins of the Bcl-2 family. The HIF-1-dependent down-regulation of Bid in hypoxic tumor cells offers an additional impetus to antitumor strategies that target HIF-1 (39), as one favorable consequence of such a strategy will be to restore the levels of a potent proapoptotic after treatment with etoposide (hatched bar). For Western blots, 40 g of protein per sample was loaded, and equal loading was confirmed by using actin as a control. (C) SW480 cells were transfected with GFP empty vector and immediately incubated for 8 h under normoxic (black bar) or anoxic (white bar) conditions prior to treatment for 8 h with 500 M etoposide with continued incubation. GFP-expressing cells were isolated by FACS analysis and replated, and apoptosis was assessed 2 days later. SW480 cells transfected with GFP Bid were immediately incubated for 8 h under anoxia prior to 8-h etoposide treatment with continued anoxic incubation. GFP Bid-positive (grey bar) and -negative (hatched bar) cells were sorted by FACS analysis and replated, and apoptosis was assessed 2 days later. Statistical analysis using Student's two-tailed t test showed significance (P Յ 0.05) when comparing GFP Bid-positive (grey bar) to GFP Bid-negative (hatched bar) cells, as well as to GFP vector anoxic cells (white bar). All data are plotted as means Ϯ SEs (n Ն 3). ϩve, positive; Ϫve, negative. 
